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E-mail addresses: bxm@sdu.edu.cn (X. Bao), zzhanHere we report that budding yeast mitochondrial DNA protects against salt stress-induced apopto-
sis. Yeast cells lacking mitochondrial DNA (q0) are hypersensitive to salt stress-induced apoptosis,
which is mediated by mitochondrial cytochrome c release. In addition, cytochrome c expression is
downregulated upon salt stress, suggesting a transcriptionally regulated, homeostatic protection
mechanism. The repression of cytochrome c transcription is mediated by transcription factor
Mig1. Consistently, deletion of MIG1 induces cytochrome C transcription and yields q0 cells that
are more sensitive to salt stress. In summary, deletion of mitochondrial function leads to salt
stress-induced transcriptional deregulation of cytochrome C, causing apoptosis in yeast.
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Similar to the mammalian systems, the budding yeast mito-
chondria are intimately involved in various pathways of the apop-
totic cell death [1,2]. Upon cell death stimulus, mitochondria
release several pro-apoptotic factors, including cytochrome c
(Cyt-c). In vertebrates, the release of Cyt-c into cytoplasm triggers
the activation of ‘‘executioner’’ caspases, leading to the apoptosis
cascade [3]. Cyt-c release was also reported in Saccharomyces
cerevisiae upon apoptotic stimuli, such as acetic acid [4] and
H2O2 [5]. The release of Cyt-c in yeast appears to activate the yeast
metacaspase Yca1 [6]. The Cyt-c release in yeast is also reported
recently as an ROS scavenger [7].
Mitochondria are required for salt stress response and adapta-
tion. Mutants of several yeast genes encoding mitochondrial
proteins showed increased sensitivity to salt stress [8], which ulti-
mately leads to apoptosis [6,9]. The salt stress-induced apoptosis in
S. cerevisiae is mediated by a caspase dependent mitochondrial
pathway [1,6].
While majority of the mitochondrial proteins are encoded by
nuclear DNA, mitochondrion contains its own DNA (mtDNA),
which is crucial for normal mitochondrial function. In mammalian
cells, studies showed that apoptosis occurs in a similar rate in cells
with or without the mtDNA. The release of Cyt-c and activation ofchemical Societies. Published by E
g@uwyo.edu (Z. Zhang).caspase are observed in both cases [10,11]. Here we report that salt
stress induces Cyt-c mediated apoptosis in S. cerevisiae lacking
mtDNA.
2. Materials and methods
2.1. Yeast strains and culture conditions
Yeast strains are derivatives of S. cerevisiae W303-1A (MATa,
leu2-3/112 ura3-1 trp1-1 his3-11/15 ade2-1 can1-100). The cyc1 and
mig1 deletions were introduced by PCR-mediated gene replace-
ment [12], replacing the complete sequence of YJR048W and
YGL035C with G418 marker respectively. CYC1 overexpression
was conducted using the BG1805 plasmid [13]. The C-terminal
Cyc1-HA, Ilv5-HA, and Mig1-HA tag were constructed according to
[14].
Cells were all grown at 30 C in YPD (1% yeast extract, 2% pep-
tone, 2% glucose). For over-expression of CYC1, cells were pre-
grown in BG1805 selection medium (URA minus), then transferred
to YPR (1% yeast extract, 2% peptone, 2% rafﬁnose) overnight, and
then to YPG (1% yeast extract, 2% peptone, 2% galactose).
2.2. Spot assays
Cellswere cultured in YPD liquid overnight. Cells were harvested
by centrifugation, washed twice with water, then resuspended
in water. The cell density was normalized to 1  107 cells/ml. Alsevier B.V. All rights reserved.
Fig. 1. Spot assay showing q0 cells are hypersensitive to salt stress, either growing on YPD (A) or YPG plates (B). Aliquots of cells were spotted using 4 ll of serial 1:5 dilutions.
Cells were cultured at 30 C for 3 days. (C) Effect of respiration inhibitor (NaCN) on salt stress sensitivity. 0.45 mM of NaCN was applied to YPD plates and spot assay was
conducted as in (A).
Fig. 2. TEM images of q0 (A–D) andWT (E, F) cells growing in YPG, with or without treatment of 0.2 M NaCl for 1 hr. (A) q0 without NaCl. (B) Dead cell showing degradation of
nucleus and cytoplasm. (C) Apoptotic cell showing nuclear breakdown. (D) Apoptotic cell showing chromatin condensation (white arrows), and protruding tube of the
nucleus (black arrow). (E, F) No cell death occurred in WT in the absence (E) or presence (F) of NaCl. m = mitochondria, N = nucleus, V = vacuole; Bar = 0.5 lm.
2508 Q. Gao et al. / FEBS Letters 585 (2011) 2507–2512ﬁve-fold serial dilution was made and 4 ll of each dilution was
spotted onto appropriate YPD plates. For YPGmedium growth, cells
were precultured in YPR liquid overnight, and transferred to YPG li-
quid for 6 h. A ﬁve-fold serial dilutionwasmade as above, and spot-
ted onto appropriate YPG plates.2.3. Transmission electron microscopy (TEM)
Cells were cultured at 30 C in YPG to early log-phase. 0.2 M of
NaCl was added for 1 h. Cells were then harvested and prepared for
TEM according to Yang et al. [15].
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Fig. 3. Annexin V and PI staining showing apoptotic cell death of q0 cells under salt
stress. (A) q0 cells were growing in YPD medium to early log-phase, treated with
0.6 M NaCl for 1 h, then stained with Annexin V and PI. (B) Quantitative analysis of
Annexin V positive cells. WT and q0 cells were growing in YPD medium to early log-
phase, treated with 0.6 M NaCl for 1 h, then stained with Annexin V. At least 300
cells were counted for each treatment and the experiments were repeated three
times.
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Fig. 4. Cytochrome c is involved in salt stress-induced cell death in q0 cells. (A)
Western blot analysis showing no change of Cyc1 distribution in WT with or
without NaCl treatment (0.6 M, 1 hr in YPD). Cyc1 was released from mitochondria
into cytoplasm in q0 cells under the same salt stress. cyto = cytosolic fraction;
mito = mitochondrial fraction. Tubulin was used as control for cytosolic fraction and
Ilv5-HA was used as control for mitochondrial fraction. (B) Spot assay showing that
overexpression of CYC1 (q0+CYC1) causes cells more sensitive and deletion of CYC1
(q0-cyc1) less sensitive to salt stress. The BG1805 empty vector (q0+vector) was
used as control. (C) Quantitative analysis of salt sensitivity of q0 cells when CYC1 is
overexpressed or deleted. Cells grew in YPG for 1 hr in the presence of 0.2 M NaCl.
1000 cells were plated on each YPG plate at 30oC for 3 days. Survival rate was
calculated as number of colonies divided by number of colonies of the control (Ctr,
q0 +vector without NaCl). The control was adjusted as 100%. Data = mean ± SD from
three independent experiments.
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Cytosolic and mitochondrial fractions were isolated from con-
trol and NaCl treated cells according to [7]. 50 ll proteins were
separated on 10% SDS-polyacrylamide gels, then transferred to
polyvinylidene diﬂuoride membranes. The membranes were
blocked in 4% non-fat milk and incubated with anti-tubulin and
anti-HA antibodies (Roche Diagnostics, Indianapolis, IN). The mem-
branes were then incubated with anti-IgG HRP and imaged using a
ChemiDoc system (Bio-Rad, Hercules, CA).
2.5. Semi-quantitative reverse transcript (RT)-PCR
Total RNA from yeast was extracted using RNeasy Protect Mini
Kit (QIAGEN, CA). The RT-PCR and the ampliﬁcation procedure
were performed as in [16]. Yeast actin gene (ACT1) was used as
control, and the primers are 50-TGTCACCAACTGGGACGATA-30 and
50-AACCAGCGTAAATTGGAACG-30. Primers used for CYC1 ampliﬁca-
tion are: 50-TGGCAGACACTCTGGTCAAG-30 and 50-AACCAGCGTAA
ATTGGAACG-30. Quantitative analysis was conducted using ImageJ
software (http://rsb.info.nih.gov/ij/). Statistical analysis was per-formed using Microsoft Excel’s one tail T-test. P < 0.05 was consid-
ered statistically signiﬁcant.
2.6. Fluorescence microscopy
Annexin V and propidium iodide (PI) staining were according to
[17]. Nuclear spread preparation of Mig1-HAwas according to [18].
The primary and secondary antibodies used for immunostaining
are rat anti-HA (Roche Diagnostics) and Alexa Fluor 488 conju-
gated goat anti-rat IgG (Molecular Probes), respectively. Nucleus
is counterstained with 4,6-diamidino-2-phenylindole (DAPI)
(0.5 mg/ml). Images were taken using a Zeiss 710 Laser Scanning
Confocal Microscope (Jena, Germany).
3. Results
3.1. q0 cells are more sensitive to salt stress
Mitochondrial function is crucial in salt stress response [8].
To test the involvement of mitochondrial DNA in salt stress re-
2510 Q. Gao et al. / FEBS Letters 585 (2011) 2507–2512sponse, we compared the sensitivity to salt stress between wild
type (WT) and the q0 strain. We found that the q0 cells were
more sensitive to salt stress than WT, especially as the salt con-
centration increased from 0.6 to 1 M on YPD plates (Fig. 1A). To
test if the high sensitivity of q0 to salt stress is related to mito-
chondrial function, WT and q0 cells were grown on galactose
(YPG), which is a less preferred carbon source for yeast and par-
tially activates mitochondrial metabolism. The WT grows better
than q0 even in the absence of NaCl and the q0 cells are hyper-
sensitive to salt stress. The q0 cells were unable to grow at all
on 0.4 M NaCl (Fig. 1B), suggesting the mitochondrial function
is important for salt stress response. q0 cells are deﬁcient in0
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Fig. 5. Cytochrome c is down-regulated in q0 cells under salt stress. (A) RT-PCR analysis o
presence of NaCl (0.6 M in YPD and 0.2 M in YPG for 1 hr), while no apparent change in W
⁄P < 0.05. (C) Confocal microscopy images of WT and q0 cells, showing Mig1-HA of q0, bu
YPG medium). Nuclei are counterstained with DAPI. (D) Spot assay showing that deletio
spotted on YPD plates using 4 ll of serial 1:5 dilutions. Cells were cultured at 30 C for
shown in (D). Cells grew in YPD for 1 h in the presence of 0.6 M NaCl. 1000 cells were pla
colonies divided by number of colonies of the control (WT without NaCl). The control wrespiration due to its lack of mtDNA. To see if the salt sensitivity
of q0 cells is caused by their deﬁciency in respiration, the respi-
ration inhibitor sodium cyanide (NaCN) was added to the culture
medium. Addition of 0.45 mM NaCN to liquid YPEthanol medium
almost completely blocked the growth of wild type cells (data
not shown), indicating this concentration of NaCN inhibits cells’
respiration. We then used 0.45 mM of NaCN for spot assays on
both wild type and q0 cells. The respiration inhibitor showed
no apparent effect to salt sensitivity for either wild type or q0
cells (Fig. 1C). These results strongly suggest that the hypersen-
sitivity of q0 cells to salt stress is due to the lack of mitochon-
drial DNA, rather than the lack of respiration.-Na 
+Na
W303                      W303,mig1                        ρ0 ρ0, mig1
*
*
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f q0 cells showing CYC1 expression is decreased in either YPD or YPG medium in the
T. (B) Quantitative analysis of the RT-PCR bands from four independent experiment.
t not WT cells, is translocated into nucleus upon salt stress (0.2 M NaCl for 5 min in
n of MIG1 causes q0 cells more sensitive to salt stress (0.6 M). Aliquots of cells were
3 days. (E) Quantitative analysis of salt sensitivity of WT, q0 and mig1 deletion as
ted on each YPD plate at 30 C for 3 days. Survival rate was calculated as number of
as adjusted as 100%. Data = mean ± SD from three independent experiments.
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Due to the high sensitivity of q0 cells to salt stress, we examined
the cell structure using TEM. q0 cells appeared to be normal in the
absence of NaCl (Fig. 2A). Dead cells, in which organelle and cyto-
plasm were degraded, were observed in q0 cells treated with NaCl
(Fig. 2B). Nuclear breakdown (Fig. 2C), chromatin condensation
with protruding tube (Fig. 2D) were observed, indicating the cell
death is apoptotic [19]. Under the same growth condition, no cell
death was observed in WT (Fig. 2E and F). To further conﬁrm the
apoptotic nature of cell death, cells were stained with Annexin V.
As shown in Fig. 3, 30% of q0 cells were Annexin V positive when
treated with 0.6 M NaCl in YPD, while only 3% were Annexin V po-
sitive in the absence of NaCl. Minimum of Annexin V positive WT
cells was observed in the presence or absence of NaCl.
3.3. Cytochrome c is released into cytoplasm upon salt stress
Cytochrome c (Cyt-c) plays a crucial role in apoptosis [5]. To see if
Cyt-c is involved in the salt stress-induced cell death in q0 cells, we
examined if Cyt-c is released from mitochondria upon salt stress.
Western blot analysis showed that in WT, no apparent change of
Cyt-c distribution in the presence or absence of salt stress
(Fig. 4A). The Cyt-c band shown in cytoplasm is likely due to the
mitochondria membrane leakage during isolation process [20]. In
q0 cells, the amount of Cyt-c increased in cytoplasm, while
decreased in mitochondria in the presence of NaCl, indicating that
the Cyt-c was released from mitochondria to cytoplasm upon salt
stress (Fig. 4A). To further assess the role of Cyt-c in the salt stress-
induced cell death, CYC1 was deleted or overexpressed in q0 cells.
As shown in Fig. 4B and C, overexpression of CYC1 caused q0 cells
more sensitive, and deletion of CYC1 less sensitive to salt stress.
3.4. CYC1. expression is down-regulated in q0 cells upon salt stress
To see if the CYC1 expression is altered under salt stress, we
checked the CYC1 expression using RT-PCR. As shown in Fig. 5A
and B, CYC1 expression of q0 cells decreased under salt stress,
either in YPD or YPG medium. The overall CYC1 expression level
of q0 cells was higher when growing in YPG than in YPD, suggest-
ing that the expression of the nuclear encoded CYC1 is not affected
by the lack of mtDNA. This result also suggests that the decrease of
CYC1 expression is likely a protection mechanism of q0 cells
against salt stress, rather than caused by the lack of respiration.
Mig1 is a transcription factor involved in glucose repression. In
the presence of glucose, the cytoplasmically located Mig1 is
dephosphorylated and translocated into nucleus, where it binds
to CYC1 promoter and represses its transcription [21,22]. We asked
if Mig1 is involved in the repression of CYC1 during salt stress using
a Mig1-HA strain. When growing in YPG, Mig1 is located in cyto-
plasm in both WT and q0 cells. Five minutes after addition of NaCl,
immnuo-staining showed that Mig1-HA was in nucleus in most of
the q0 cells, but not in WT (Fig. 5C), suggesting that a similar mech-
anism was employed for CYC1 repression under salt stress in q0
cells. To further conﬁrm the role of Mig1 in salt stress-induced cell
death of the q0 cells, MIG1 was deleted from both WT and q0 cells.
As shown in Fig. 5D and E, deletion of MIG1 caused q0 cells more
sensitive to salt stress, likely due to its inability to repress the
CYC1 expression.
4. Discussion
It is evident thatmitochondria play a pivotal role in apoptosis [1].
It has also been reported that deletion or mutation of mtDNA in
mammalian cells sensitizes cells to apoptotic inducers [23,24]. Upon
apoptosis stimulus, cytochrome c is released in both mammalian[11] and yeast cells (this study) that lack mtDNA, yet the function
of the Cyt-c release in yeast is still in debate. One study showed that
Cyt-c is responsible in part for the activation of Yca1 [6]; another
study indicated that Yca1 is required for the release of Cyt-c [19].
Giannattasio et al. [7] also showed that the released Cyt-c functions
as an antioxidant, rather than triggering the activation of caspases.
We demonstrated here that the expression of cytochrome c was
down-regulateduponapoptosis stimulus, suggesting apossiblepro-
tectionmechanism by cells against cell death stimulus. A support of
this notion comes from the fact that deletion of the cytochrome c
gene CYC1 decreased the sensitivity of yeast cells to salt stress
(Fig. 4). We further demonstrated that the decrease of CYC1 expres-
sion by salt stress is regulated by the transcription factor Mig1.
Studies have shown that functional mitochondria are required
for the susceptibility of yeast cells to several apoptosis stimuli
[25–27]. Inhibition of mitochondrial respiration diminishes the ef-
fect, suggesting that the enhanced respiration is the cause of the
cell death. The lack of respiration, however, does not appear to af-
fect the sensitivity of q0 cells to salt stress (Fig. 1C), suggesting a
more direct involvement of mitochondrial DNA in the salt stress-
induced apoptosis.References
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